Cell migration is regulated by processes that control adhesion to extracellular matrix (ECM) and force generation. While our fundamental understanding of how these control mechanisms are actuated at the molecular level (signal transduction) has been refined over many years, appreciation of their dynamics has grown more recently. Here, we formulate and analyze by stochastic simulation a quantitative model of signaling mediated by the integrin family of adhesion receptors. Nascent adhesions foster the activation of the small GTPase Rac by at least two distinct signaling pathways, one of which involves tyrosine phosphorylation of the scaffold protein paxillin and formation of multiprotein complexes containing the guanine nucleotide exchange factor DOCK180. Active Rac promotes protrusion of the cell's leading edge, which in turn enhances the rate of nascent adhesion nucleation; we call this feedback mechanism the core protrusion cycle. Protrusion is antagonized by stable adhesions, which form by myosin-dependent maturation of nascent adhesions, and we propose here a feedforward mechanism mediated by the tyrosine kinase c-Src by which this antagonism is regulated so as to allow transient protrusion at higher densities of ECM. We show that this "buffering of inhibition" mechanism, coupled with the core protrusion cycle, is capable of tuning the frequencies of protrusion and adhesion maturation events.
INTRODUCTION
Cell motility and migration is a fascinating and complex process that requires coordinated actuation and regulation of membrane protrusion and adhesion processes. Given the essential roles of cell migration in various aspects of human health, such as wound repair, blood vessel formation, development, and the immune response, it is difficult to overstate the importance of understanding its underlying biochemical and mechanical control mechanisms in greater and more quantitative detail.
contacts through binding of receptors called integrins to the insoluble extracellular matrix (ECM), followed by clustering of the integrins and recruitment of various cytoplasmic and membrane proteins to the resulting complexes. 10, 17 Thus, these adhesions simultaneously anchor cells to the ECM and provide a scaffold for biochemical signaling events. 26, 41 Recent studies suggest that different types of adhesions play distinct roles during cellular protrusion. Smaller, nascent adhesions are relatively short-lived structures; they assemble in regions of active actin polymerization at the cell's leading edge and are turned over at the lamellipodiumlamellum interface, coinciding with faster rates of actin depolymerization in the lamellum. 6, 10 A small fraction of the nascent adhesions mature to form larger, more dynamically stable adhesions, coinciding with a pause or halt of protrusion in their vicinity. 6, 40 The maturation process responds, by a mechanism that is not yet completely understood, to contractile forces exerted by actomyosin.
Nascent adhesions mediate activation of Rac through at least two pathways involving distinct guanine nucleotide exchange factor (GEF) activities. One of the pathways is a seemingly linear sequence involving focal adhesion kinase (FAK)-dependent phosphorylation of the adaptor protein paxillin on Tyr 31 and Tyr 118 and recruitment of the CrkII adaptor and the unconventional Rac-GEF DOCK180. 5, 15, 22, 28, 38 Phosphorylation of the Tyr 31 and Tyr 118 sites on paxillin facilitate numerous migration-related signaling events, and expression of either paxillin with those sites removed (Y31F/Y118F) 23 or a dominant-negative DOCK180 34 severely impairs cell migration. Another Rac activation pathway involves a positive feedback loop whereby paxillin phosphorylated on Ser 273 mediates recruitment of the scaffold protein GIT1, which in turn coordinates binding of βPIX, a Rac-GEF, and PAK, a Rac effector kinase; PAK phosphorylates paxillin on Ser 273 (among other substrates), completing the feedback circuit. 20 The GIT1/βPIX/PAK pathway is required for activation of Rac, protrusion, spreading and migration 14, 16, 31, 37, 39 and plays a role in adhesion dynamics. 42 The relative importance of the two Rac activation pathways, especially across different cellular/microenvironmental contexts, remains to be systematically characterized.
Computational modeling has emerged as a useful tool for understanding and synthesizing hypotheses about how adhesive and cytoskeletal dynamics generate diverse cell migration behaviors. 18 Numerous studies have used this approach to examine the mechanical aspects of cell adhesion and migration, 4, 8, 21 yet relatively few models have focused on the regulation of cell motility by signaling pathways, as the interface between the underlying mechanics and chemistry is not well understood. 36 Through computational modeling, we have shown that the aforementioned βPIX/Rac/PAK feedback loop is capable of evoking transiently amplified protrusion behavior, which is opposed by feedback loops that promote maturation of stable adhesions. 7 The protrusion/adhesion phenotypes are reminiscent of experimental observations in CHO.K1 cells; consistent with model predictions, leading edge protrusion is optimized at intermediate ECM density, which balances a high rate of nascent adhesion formation with a favorable ratio of nascent adhesion turnover vs. myosin-dependent maturation. Here, we address the parallel question of whether or not the more linear, DOCK180-mediated pathway is capable of fostering similar dynamics. This is not so far-fetched, as it might be argued that any integrin-mediated Rac activation pathway will share the core positive feedback structure of protrusion → nascent adhesion → Rac activation → protrusion. Hereafter we refer to this as the core protrusion cycle. In contrast to the βPIX/Rac/PAK feedback mechanism, the DOCK180 pathway might not offer the requisite degree of nonlinearity, in which case paxillin phosphorylated on Tyr 31 /Tyr 118 might offer a different amplification mechanism, in the form of a c-Src/p190RhoGAP pathway that opposes myosin-based contractility 2,3,33 in a feedforward manner.
METHODS

Mathematical Model
This work explores the characteristics of a mathematical model describing the fundamental coupling of protrusion and adhesion dynamics (Fig. 1) . Although it is not spatially resolved, the model includes a coarse-grained representation of the spatial effects important to signaling during cellular protrusion. These spatial effects are included implicitly based on a specific model control volume comprising a small region of a protruding lamella and the relative locations of model components therein. The spatial reference point for the model is the leading edge of a protruding region of the cell, and the modeled control volume represents the region directly behind the protruding edge, encompassing the lamellipodium and a portion of the lamella.
The model equations represent biochemical mechanisms or, where the mechanism is less understood, phenomenological couplings among variables. Nascent adhesions (n) are formed as a consequence of finding new ECM binding sites, a process that depends on protrusion velocity (v) 6 and the parameter , which describes the density and character of the ECM. These adhesions either turn over, at a rate that also depends on the protrusion velocity, 6 or they mature to form stable adhesions. The conservation of n in the control volume is as follows.
It is assumed that Rac activity (r; see below) stimulates membrane protrusion in a saturable manner; in dimensionless terms, (2) The functions f(m, x) and g(s) are phenomenological functions, formulated in the simplest way mathematically as follows. f(m, x) characterizes the enhancement of adhesion maturation by myosin (m; see below) and the inhibition of that enhancement by tyrosine-phosphorylated (pTyr 31/118 ) paxillin (x; see below). The notion is that pTyr 31/118 -paxillin mediates Srcdependent regulation of Rho.
The function g(s) represents a hypothetical inhibition of protrusion by stable adhesions (s), whether by a mechanical or biochemical mechanism, as follows:
Stable adhesions (s) are created through the aforementioned maturation process and then disappear from the control volume either by disassembly or by rearward convection (which depends on protrusion velocity).
Myosin activity is mobilized by stable adhesions, modeled according to the phenomenological equation, (6) pTyr 31/118 -paxillin (x) represents the subset of nascent adhesions associated with paxillin phosphorylated on Y31 and/or Y118, which implicitly represents adhesions associated with DOCK180 and c-Src; phosphorylation/dephosphorylation of paxillin is considered to be fast relative to nascent adhesion formation/turnover/maturation, such that (7) Active Rac (r) is generated in response to pTyr 31/118 -paxillin and the implicit recruitment of DOCK180, modeled as follows:
The model parameters were estimated based on experimental evidence where possible, and parameters were systematically varied to determine their effect on protrusion and adhesion dynamics. Initial analysis of the effect of different parameters on system behavior led us to choose the baseline values listed in Table 1 .
Stochastic Simulation of the Model Equations-Stochastic simulations were performed using the Next Reaction Method, 11 implemented in MATLAB (MathWorks, Natick, MA). The Next Reaction Method is a computational algorithm that simulates trajectories of the chemical master equation describing discrete stochastic systems, such as those encountered in cells where small numbers of reacting species or rare reaction events dominate system dynamics. To relate dimensionless species concentrations (lowercase) to numbers of molecules (uppercase), a number density scaling factor is specified for each state variable. The scaling factor is denoted in uppercase with an asterisk superscript; for example n = N/N*. Based on the formulation of Eqs. (1) (2) (3) (4) (5) (6) (7) (8) , S* = X* = N*, and M* = K m N* and R* = K r N*, so the additional parameters N*, K m , and K r must be specified for stochastic simulations. We assumed K m = K r = 10, such that the numbers of R and M are somewhat amplified relative to their activators (X and S, respectively), and a scaling factor of N* = 1 was used.
Stochastic simulation results were characterized by measuring the mean lifetimes of protrusion and adhesion events occurring during a simulation period of 1000 min. Protrusion events were identified as periods of time during which v > 0.5, and adhesion events were identified as periods of time during which S ≥ 1.
RESULTS
The Core Protrusion Cycle and Its Inhibition by Stable Adhesions Are Sufficient for Generating the Full Diversity of Protrusion/Adhesion Dynamics at Lower ECM Density, But Not Necessarily at Higher ECM Density-To recapitulate the stochastic dynamics of cell protrusion and adhesion and facilitate comparison of the hypothetical adhesion/protrusion circuit to cellular observations, the hypothetical model was instantiated using a single-compartment stochastic simulation algorithm based on the Next Reaction Method. 11 Of the model parameters (Table 1) , four were identified as centrally important in determining diverse protrusion/adhesion phenotypes, ranging from sustained protrusion to sustained adhesion and including periods of transient protrusion and adhesion: those characterizing ECM density ( ), enhancement of adhesion maturation via myosin contractility (E s ), inhibition of adhesion maturation via Src-dependent signaling (I s ), and inhibition of protrusion by stable adhesions (I n ). Although the crux of the analysis centers on these four, other model parameters were varied systematically to assess their impact on system behavior ( Supplementary Figs. S1 and S2) . Changes to the parameters affecting formation and turnover of nascent adhesions (E n , C n , and k d,n ) tend to shift the maximal protrusion duration to higher or lower values of , whereas the parameters affecting stable adhesion turnover (C s and k d,s ) shift the appearance of longer-lived stable adhesions with respect to myosin contractility (E s ). Alternatively, the saturation constants K v and K x alter the maximal protrusion duration at intermediate , but do not shift protrusion behavior with respect to .
A critical function of the signaling network controlling cell migration is the ability to sense and respond to changes in ECM density, a relationship that is influenced by myosin-mediated contractility. 12 To analyze the influence of Src-mediated inhibition of adhesion maturation, we first simulated the core protrusion cycle with no direct inhibition of adhesion maturation (I s = 0; Fig. 2) . Figures 2c-2f show stochastic simulation results for four different parameter sets corresponding to, respectively: low ECM/high myosin, low ECM/low myosin, high ECM/high myosin, and high ECM/low myosin as indicated.
At a lower ECM density (Figs. 2c and 2d) , the system exhibits highly protrusive activity, interspersed with pauses. With high myosin feedback (Fig. 2c) , the pauses of protrusion activity are usually, but not always, characterized by a switch mediated by formation of stable adhesions (because of the inhibitory mechanism embodied by the parameter I n , which is set to a value of 1 here); otherwise, protrusion pauses or dies out because of a stochastically low rate of nascent adhesion formation.
At a higher ECM density (Figs. 2e and 2f) , the system exhibits sustained stable adhesions, with only transient protrusive activity following initiation of the simulation. Because simulations are initiated with all state variables at zero, this observation indicates that with no bias in statespace, the system tends to evolve toward stable adhesion and not protrusion under these conditions. As the ECM density parameter is increased, the model behavior transitions from dynamic protrusion ( min − ) to stable adhesion ( min − ) via incremental decreases in the number and duration of protrusion events (analysis not shown).
Complementing the Core Protrusion Cycle with Feedforward Inhibition of Adhesion Maturation Facilitates Transient Protrusion at High ECM Density by
Increasing the Frequency of Protrusion Events-Although the signaling network lacking Src-mediated, feedforward inhibition of adhesion maturation is capable of generating transient adhesion and protrusion behavior at low ECM, it does not support stochastically transient protrusion at high ECM. Addition of Src-mediated inhibition of adhesion maturation, with I s = 1 (Fig. 3) , facilitates transient protrusion at the higher ECM density (Fig. 3f) . The observation that Src-mediated, feedforward regulation supports transient protrusions at high ECM suggests that opposing mechanisms that encourage adhesion formation and maturation, respectively, might be necessary to represent adhesion and protrusion dynamics accurately. High myosin activity coupled with high ECM, however, results in sustained stable adhesions that prevent protrusion even with moderate levels of Src-mediated inhibition (Fig. 3e) .
Interplay Between Src-Mediated Inhibition of Adhesion Maturation and Adhesion-Mediated Inhibition of Protrusion Controls Protrusion/Adhesion
Dynamics at High ECM Density-Increasing the effect of Src-mediated feedforward regulation, as by setting I s = 10 (Fig. 4) , produces little change in protrusion/adhesion dynamics at the lower ECM density, except for an apparent inability of the transient switching to adhesion stabilization to take hold (Fig. 4c) . The more striking change is seen at the higher ECM density; increasing the influence of the Src-mediated feedforward mechanism counteracts the effects of high myosin contractility, supporting transient protrusion behavior (compare Fig. 4e with Fig. 3e ).
Stronger inhibition of protrusion by stable adhesions, implemented by increasing the value of I n to 10 (with I s = 1), antagonizes the Src-mediated effect described above (Fig. 5) . As expected, this adjustment yields more transient protrusions at lower ECM (Fig. 5c ) and prevents transient protrusions at higher ECM and high myosin (Fig. 5e) .
From there, a proportional increase in the Src-mediated inhibition of adhesion maturation (I s = I n = 10; Fig. 6 ) is not sufficient to counteract the protrusion inhibition at high ECM and myosin (Fig. 6e) ; indeed, the behavior is similar to the case where both regulatory mechanisms are less active (compare to Fig. 3 , with I s = I n = 1), indicating that the balance of the two regulatory mechanisms is what determines the qualitative behavior.
Consistent with this notion, increasing the value of I s such that protrusion is once again favored (I s = 100, I n = 10) permits transient protrusion even under high ECM/high myosin conditions (Fig. 7) . The Src-mediated regulation of adhesion maturation apparently balances the effect of protrusion inhibition to produce periods of both sustained adhesion and sustained protrusion, provided that this "buffering" mechanism is strong enough. Moreover, the frequency of transient protrusion is tuned in the model by co-modulating the values of I s and I n (compare Fig. 7 with Fig. 4e , with I s = 10, I n = 1).
DISCUSSION
Two Rac Activation Pathways: Similar Dynamics Achieved by Different Mechanisms-Although several published models have examined the mechanics of cell migration based on broad phenomenological effects, 9,27,30 the present work examines a more detailed biochemical mechanism for relating adhesion signaling and dynamics to cellular protrusion in lamellipodia. Specifically, we have shown that the DOCK180/Src axis, controlled by tyrosine-phosphorylated paxillin, is sufficient to produce transient periods of adhesion and protrusion over a range of ECM densities and myosin activity levels.
Our parallel analysis of the bPIX/Rac/PAK pathway suggests that amplification of the core protrusion cycle by the PAK → paxillin feedback mechanism can produce transient adhesion and protrusion dynamics (Cirit et al., submitted) , and the current study shows how the DOCK180/Src axis produces similar adhesion/protrusion dynamics via a feedforward "buffering of inhibition" mechanism. Thus, it appears that the governance of adhesion/ protrusion dynamics may be achieved by different signaling mechanisms. Instead of amplifying nascent adhesion-mediated signaling directly, the Src → RhoGAP mechanism promotes protrusion by inhibiting the competing process of adhesion maturation; these protrusions are rendered transient once maturation over-whelms the "buffer."
Switching Between DOCK180/Rac-Mediated Protrusion and Myosin-Mediated Adhesion Maturation Depends on the Balanced Interplay of Negative Regulation Mechanisms-Consistent with the buffering concept, our modeling results indicate that, if the core protrusion cycle is to generate metastable protrusion behavior, the effects of protrusion inhibition by stable adhesions and Src-mediated inhibition of adhesion maturation must be properly balanced. Simulation results show that the magnitude of the Src-mediated feedforward mechanism must be somewhat greater than that of the protrusion inhibition mechanism to facilitate protrusion at high ECM and myosin; however, high Src-mediated inhibition of adhesion maturation does not prevent adhesion formation at low ECM and/or low myosin. In that sense, the Src-mediated buffering of adhesion maturation renders the system more robust to different ECM and myosin conditions while facilitating transient protrusion and adhesion. Such a signaling mechanism presents an attractive means for maintaining sensitivity to changes in ECM density or myosin activity across wide ranges of these variables.
Switching Behavior in the Model is not Associated with Bistability-Intuitively, it is tempting to propose that regions of parameter space that support bistability would create opportunities for a stochastic system to switch between steady states; this, however, is not the case for the present model. The behavior in or near regions of bistability is such that stochastic trajectories exclusively track toward the stable adhesion state. In fact, parameter sets for which the size of the bistable region was diminished were more effective in generating frequent switching between protrusion and adhesion maturation.
Implications for Control of Cell Motility: Putting the Model to the Test-The ability of cells to spread and migrate on a broad range of ECM concentrations and under the regulatory control of actomyosin appears to rely upon signaling circuits with balanced feedback and feedforward interactions that facilitate sensitivity and adaptability to different ECM conditions. Our analysis of one such circuit leads to a number of hypotheses/predictions regarding the influence of Src/RhoGAP-mediated signaling on protrusion and adhesion dynamics at the cell's leading edge(s). Diminishing the ability of this pathway to inhibit adhesion maturation is expected to impede protrusion at higher-than-optimal ECM density, whereas this mechanism is predicted to have less of an effect at lower ECM density. One should be able to titrate the magnitude of this perturbation by manipulating myosin levels; i.e., the effect should be tempered by partial knockdown of myosin IIA. Likewise, amplification of the Src-mediated inhibition mechanism should be able to counteract the maturation-promoting effect of myosin overexpression. Of course, these are not trivial experiments, in no small part because Src-family kinases have many functions in addition to the mechanism considered in the model.
A deficiency in the proposed signaling circuit is also expected to affect the directional persistence of migration. 24 Previous work has suggested that chemotaxis involves a subtle bias in the execution of stochastic protrusion events 1, 32, 35 ; if so, the ability of a cell to modulate the frequency of transitions between protrusion and stable adhesion formation is relevant to the fidelity of cell taxis.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Conceptual model framework. Stochastic simulation of protrusion/adhesion dynamics under conditions corresponding to maturation-promoting conditions (high ECM/high myosin/high protrusion inhibition) and very high Src-mediated inhibition of adhesion maturation. Stochastic simulation results were performed with min − , E s = 50, I n = 10, and I s = 100. 
